Polyethylene Glycol has an irregular current characteristic under constant voltage and slowly varying relative humidity. The current through a thin film of Gamma-isocyanatopropyltriethoxysilane added Polyethylene glycol (PEG-Si), its hydrogenated and hydrophobically modified forms, as a function of increasing relative humidity at equal time steps is analyzed for chaoticity. We suggest that the irregular behavior of current through PEG-Si thin films as a function of increasing relative humidity could best be analyzed for chaoticity using both time series analysis and detrended fluctuation analysis; the relative humidity is kept as a slowly varying parameter. The presence of more then one regime is suggested by the calculation of the maximal Lyapunov exponents. Furthermore, the maximal Lyapunov exponent in each of the regimes was positive, thus confirming the presence of low dimensional chaos. DFA also confirms the presence of at least two different regimes, in agreement with the behavior of the maximal Lyapunov exponent in the time series analysis. We also suggest that the irregular behavior of the current through PEG-Si can be reduced by hydrogenating and hydrophobically modifying PEG-Si and the improvement in stability can be confirmed by our study. 
Introduction
Hydrophilic polymers attract attention because of their absorption, desorption and swelling behavior under ex- * E-mail: kaan.atak@gmail.com posure to water vapor and certain chemicals. Depending on environmental conditions (temperature, humidity, the structure of the polymer etc.) penetrants diffuse through the polymer networks according to different kinetics. When water molecules penetrate a polymer sample, the macromolecular chains rearrange themselves towards new conformations. The nature of the transport process and the polymers' electrical, optical and physical proper-ties are determined by the diffusion rate of the penetrant's molecules and the relaxation process.
Polyethylene glycol (PEG) is one of the most examined hydrophilic polymers with properties sensitive to changes in relative humidity and chemicals used as substrate. PEG is also unstable when exposed to water vapor: it swells and dissolves easily at high humidity. The instability of the structure and the transport properties in the long term constitute a general problem of polymer films produced by the physisorption of polymer molecules to the substrate material.
In this study the irregular current characteristic under constant voltage and slowly varying humidity through a thin film of Gamma-isocyanatopropyltriethoxysilane added Polyethylene glycol (PEG-Si) as a function of increasing relative humidity at equal time steps is analyzed for chaoticity. A previous study [2] suggested that, after reaching a certain relative humidity level, the polymer changes phase from a semi-crystalline state to a gel state, and the resulting fluctuations in the elastic force relaxations and in the number of hydrogen bonds cause the irregularities in the current. Below, we analyze the irregular current through PEG-Si thin films, as a function of increasing relative humidity, for chaoticity, where the relative humidity is kept as a slowly varying parameter and the data is split into approximately 2.5% time bins. Our results indicate that the above mentioned phase transition is signalled by the sudden change in the maximal Lyapunov exponent with changing relative humidity.
In the aforementioned study, the PEG-Si was modified in two ways to alleviate the instability problem in the current behaviour of PEG-Si. The first method was to hydrogenate PEG, and the second method was to hydrophobically modify it. These modifications partially cured the problem. In our study, in addition to the analysis on PEGSi, we repeated the analysis on hydrogenated and hydrophobically modified PEG-Si samples and investigated the possible effects of the modifications.
Experiment
The data used in this study were obtained by Erdamar et al., whose methods for sample preparation and measurements are given in [2] , of which a brief summary follows: PEG-Si thin films were prepared either by dip-coating, or by dropping the polymer on the glass substrate. Hydrogenated PEG-Si samples were prepared by introducing gaseous hydrogen to the samples during annealing. Hydrophobically modified samples were prepared by mixing perfluoroalkylethylalcohol (PAF) and PEG-Si in different proportions. The PAF-PEG sample under scrutiny has a mass ratio of 70% PAF and 30% PEG-Si. Aluminum electrodes were coated in a coplanar structure on the polymer by vacuum evaporation. The humidity was varied using different salt solutions placed in the chamber with the samples. Both the current and the humidity values were read by computer-controlled ammeters. Under a constant voltage difference, the relative humidity was increased and the current was measured at uniform time intervals making time series analysis feasible. The different regimes of conductivity result from the different types of contribution from water molecules to the hosting polymer. As humidity arises, water molecules first start to bind to the oxygen atoms in the polymer chain. With increasing humidity, available oxygen atoms become extinct, and water molecules bind to other water molecules. This process results in water clusters dispersed in the polymer matrix. These different mechanisms contribute accordingly to the conductivity of the polymer. In Fig. 1 and Fig. 2 the different behavior regimes can be inspected. Fig. 3 and Fig. 4 reveal the more relatively stable current characteristics of the modified samples.
Analysis
The characteristic and seemingly unstable behavior of the current as a function of increasing relative humidity, suggesting the possibility of chaotic behavior, probably by the intermittency route, inspired us to apply non-linear time series analysis on the current measurements as described in the TISEAN software package and literature [3, 4] . In order to apply the methodology (briefly summarized below) the data set is divided according to observed regimes, and humidity is kept as a slowly varying parameter. For each interval the delay times are investigated using average mutual information; then the embedding vectors are constructed using embedding dimension values from the method of false nearest neighbors, and finally we calculate the maximal Lyapunov exponents for these different regimes.
Nonlinear time series analysis
Details of the phase space reconstruction from the scalar current s(k), where k means the k'th time step, follow the well known procedure. Details will be given only as needed to define the notation. Time delay vectors ( ), given by
where τ denotes the delay time and denotes the embedding dimension, are constructed. There are no clear-cut rules for their determination since available data are both limited and noisy. The time delay is found from [5] to be the first zero of the linear autocorrelation function given by
Another method for determining the delay time is to find the first minimum of the average mutual information. This can be used as if it were a nonlinear correlation function given by [6] ,
Here P ( ( ) ( + τ)) is the joint probability that if at time , ( ) is measured, then, at time + τ, ( + τ) is measured and P( ( )) is the probability of measuring ( ) [5, 7] . In this work, the delay time derived from the mutual information analysis has been used (see Fig. 5 ). The embedding dimension is determined by using the method of false nearest neighbors [8] . A typical graph is given below (Fig. 6 ). Since we are interested only in detecting the presence of chaotic behavior in the data, the analysis is limited to the calculation of the maximal Lyapunov exponent. Possible ways of performing these calculations are given in many references including [9] [10] [11] . The stretching factor approach is preferred since it is expected to minimize Gaussian noise and possible truncation error effects with relatively moderate computational effort [12] .
Here 0 is the embedding vector, chosen as a reference point. We select all the neighbors with distance smaller than ε, (denoted by ( 0 )), and average over the distances of all neighbors to the reference point at time ∆ .
If S (∆ ) shows a linear robust increase for ∆ then the slope is estimated as the maximal Lyapunov exponent (see Fig. 7 ). We favor this choice of the estimator for the maximal Lyapunov exponent because it does consider the fluctuations due to noise, limited data, etc. Details of the estimator can be found in [14] . 
Dependence of lyapunov exponents on relative humidity
There has been extensive research regarding the relation between phase transitions and corresponding changes observed in the maximal Lyapunov exponent. For instance, a significant increase in the maximal Lyapunov exponent has been observed for phase transitions in simulated atomic systems interacting with the Lénárd-Jones potential [23] and of coupled anharmonic oscillator systems [24] . Another instance of detecting the electric field and thermal dependency of conductivity via the change in the maximal Lyapunov exponents can be seen in [29] which also indicates the α and β phase transitions. For an example of using Lyapunov exponents as an indicator of choice for a model in the conductivity mechanism in polymers the reader is referred to [15] . The data used in this work consist of three samples: PEGSi, hydrogenated PEG-Si and hydrophobically modified PEG-Si. The last two of these samples were produced in order to overcome the instability of the transport properties of PEG-Si samples when exposed to humidity (by changing the binding modes of water molecules). Fig. 8 shows the resulting maximal Lyapunov exponents vs. relative humidity for the PEG-Si sample, showing a robust increase in the maximal Lyapunov exponents around a relative humidity of 70%. This is consistent with the reported value for the phase transition from the semicrystalline state to the gel state for PEG-Si [2, 20] . Up to a relative humidity of 70% the average maximal Lyapunov exponent slightly fluctuates about a mean value of 0 008 bits/iteration for PEG-Si (0 0015 for hydrogenated PEG-Si and 0 0005 for hydrophobically modified PEGSi). Above 70% relative humidity the maximal Lyapunov exponent abruptly jumps and attains a maximum value of 0 05 bits/iteration for PEG-Si (0 08 bits/iteration for hydrogenated PEG-Si and 0 006 bits/iteration for hydrophobically modified PEG-Si), which corresponds to a sixfold increase. The results for hydrogenated and hydrophobically modified samples are shown in Fig. 9 and Fig. 10 respectively. The significant increase in the maximal Lyapunov exponents around the relative humidity of 70% is still significant; however, the absolute values of the exponents are much smaller especially for the hydrophobically modified case. Hence it may be concluded that hydrogenation and hydrophobic modification of PEG-Si reduces the instability of a specimen and this can be detected by merely analyzing the Lyapunov exponents. To confirm the suggestion that regimes change due to the different binding modes of the water molecules, detrended fluctuation analysis is used on the data set (Fig.11) . Detrended fluctuation analysis (DFA) is a scaling method used to estimate long range power law cor- relation exponents [16, 17] . One integrates the time series of length N, then divides the result into boxes of equal length, . In each box of length , a least squares line is fitted to the data. The coordinate of the straight line segments is denoted by ( ). Next, the integrated time series, ( ), is detrended by subtracting the local trend, ( ), in each box. The root-mean-square fluctuation of this integrated and detrended time series is calculated by
This computation is repeated over all time scales (box sizes) to characterize the relationship between F ( ), the average fluctuation, as a function of box size, . A linear relationship on a log-log plot indicates the presence of power law scaling. Under such conditions, the fluctuations can be characterized by a scaling exponent, α, such that F ( ) ∝ α . A crossover in the scaling exponent, α, indicates a transition from one type to a different type of underlying correlation, due to a transition in the dynamic properties [18, 19] . Results of the DFA method can be summarized as follows: Two different regions, signalled by the discontinuity in the slope of DFA, can be clearly observed for the PEGSi sample and the hydrogenated PEG-Si sample (Fig. 11 and Fig. 13) . The values of the slopes are 1.01 and 1.86 for PEG-Si, and 1.35 and 1.84 for hydrogenated PEG-Si. The crossover observed in the slopes point to a change in correlation properties that confirm the change in the dynamics of the system observed during the above study of maximal Lyapunov exponents. Indeed the difference of the slopes of PEG-Si sample is more than the difference observed in the hydrogenated PEG-Si sample. This seems to be consistent with the previously made observations that a)the range of maximal Lyapunov exponents for PEG-Si is bigger than the maximal Lyapunov exponents for the hydrogenated PEG-Si (The maximum value of the maximal Lyapunov exponent for the PEG-Si is of the order of 0.025 bits/iteration and 0.014 bits/iteration for hydrogenated PEG-Si), b) the change observed in the maximal Lyapunov exponents with the changing relative humidity indicating a phase change is also detected by DFA.
The observations above also support the claim that hydrogenation of PEG-Si increases the stability of the specimen subject to humidity. For the hydrophobically modified sample there is one regime with slope 1.93 (Fig. 12) pointing to a significant advance in stability (it is noteworthy to mention again that the change in the maximal Lyapunov exponents for this specimen was less prominent when compared to the other two samples, the maximum value obtained is about 0.007 bits/iteration, less than one third of the value of the PEG-Si ). 
Conclusion
The complex structure of polymers (including impurities) causes many degrees of freedom and a multifractal structure. The difficulty of obtaining identical results under nearly identical conditions for polymers is well known [26] . In light of this difficulty, polymer conductivity must be analyzed in nonlinear terms such as the maximal Lyapunov exponent and the DFA exponent.
We analyzed the irregular behavior of current through PEG-Si thin films as a function of increasing relative humidity, using nonlinear time series analysis and detrended fluctuation analysis, revealing low-dimensional chaos with maximal Lyapunov exponents changing with an abrupt change of regime at the relative humidity of 70%. Furthermore, the observed chaotic behavior persists for a wide range of values of the humidity. Hence the dynamics underlying the current, understood in terms of invariants of nonlinear dynamics in the abrupt change of Lyapunov exponents, is consistent with the phase transition from a semi-crystalline state to a gel state (for use of Lyapunov exponents as an indicator of phase transitions see [24] ). The behavior of the system in different regions has also been confirmed via detrended fluctuation analysis. Even though a general relation between a Lyapunov exponent and the corresponding DFA exponent has not yet been reported, there are case based studies showing analogies between the above mentioned exponents [27] , and also reporting the change in scaling exponent during phase transitions [28] . This further supports the detection of phase transition in PEG as well as the usefullness of nonlinear methods in analyzing the behavior of current through PEG-Si thin films. In light of studies of amorphous materials with irregular behavior, the use of nonlinear methods for analyzing the conductivity mechanisms in such materials seems crucial [13, 15, 29] . Our analysis of hydrogenated and hydrophobically modified PEG-Si samples revealed smaller maximal Lyapunov exponents and little or no changes in the DFA exponents, pointing to the fact that their instabilities are milder than those in pure PEG-Si samples. In particular, hydrophobically modifying the samples seems to be a more effective method in reducing the instability as shown by smaller maximal Lyapunov exponents and single DFA exponent.
